The high-order spectra have been used to determine the complex phases of seismic wavelets. However, phases of high-order spectra, derived from seismic traces, are generally wrapped and contaminated by data noise. We estimate the wavelet using unwrapped phase of the bispectrum. In order to obtain the desired unwrapped phase from bispectrum, we apply the robust minimum Lp-norm unwrapping algorithm on to the 2D phase field. We then extract the wavelet phase using all of the unique values from the unwrapped result based on a governing equation without any assumption of the phase values. Finally we generate the wavelet by combining the phase and amplitude, which is estimated separately through the autocorrelation of seismic traces.
Introduction
Considering the complexity of the seismic data, mixed-phase wavelet estimation has been a difficult problem. A number of algorithms using high-order statistics in time domain have been proposed and obtained satisfied result. In frequency domain, the high-order spectra are of significance in the reconstruction of the mixed-phase signal since they can preserve the phase character. The bispectrum of seismic data has been utilized to estimate the wavelet because there is explicit relationship between them. However, in practice, due to the wrapped bispectrum phase derived from cumulant through Fourier transform and the non-Gaussian additive noise, the estimation of wavelet phase directly from the bispectrum phase is not able to produce correct result.
In this paper, we use the minimum Lp-norm unwrapping method to deal with the wrapped phase originally derived from bispectrum, which is noisy and measured modulo-2πinstead of the real phase in 2D domain. In contrast to the conventional methods, we improve the wavelet phase estimation algorithm by abandoning the assumption that the value of last phase component is zero. We test the algorithm using synthetic trace at last.
The bispectrum of seismic data and the wavelet
For the observed discrete time seismic data ) (n x , the bispectrum is defined as the Fourier transform of the third order cumulant (Nikias and Mendel, 1991) 
Minimum Lp-norm two-dimension phase unwrapping
In the 2D frequency domain, besides the fact that phase differences between adjacent elements beyond the magnitude of 2π, the noise and the phase leading to phase values or residues aliasing are also general in phase unwrapping issues. The residues are the nonzero values yielded by the integration of phase through a closed path in a 2D phase domain (Ghigli and Pritt 1998) , they makes the integration results varied with different paths, which implies the gradient at each single phase component for integration cannot be accurately calculated.
Concentrating on tackling the residues, the minimum Lp-norm techniques are the global approaches minimizing the differences of gradient compared with the other category called 'local' because it directly deals with the residues among certain pixels. When p does not equal to 2, the Lp-norm methods are the generalized weighted least-square methods generating their own gradient data-dependent weights (Ghiglia and Romero 1996) .
Since the weights are generated from the input data, the minimum Lp-norm method deals with the non-linear question by iteration procedures. In each iteration (
Given the wrapped phase values j i, ϕ , the original phase differences between adjacent points are wrapped within the magnitude of 2πand denoted as: 
The equation (9) is reformed as:
Then based on the previous iteration results, the Figure 1 shows comparison of the bispectrum phase between the original one derived from synthetic trace and its unwrapped result. The unwrapped phase is residues free after five iterations. 
Improved wavelet estimation algorithm
Once the bispectrum phase is unwrapped, we would solve wavelet phase based on equation 5.
In Matsuoka and Ulrych's method, to solve the inversion problem that calculates φ from ψ in (4), all of the unique bispectrum phase values are selected through setting 
Nevertheless, since the final wavelet phase result is a continuous function, the value of
shall not be zero but is generally very large. To overcome this, we assume that the last segment of wavelet phase is smooth, with the 
Conclusion
Although the Lp-norm method is costly, the unwrapped phase solution converges fast with the reasonably normalized weights in the objective function, hence a few iterations are required. Through the residues-free unwrapped 2D bispectrum phase, it is easily to apply the linear equation to extract the wavelet phase and obtain satisfactory result. This method can be applied on multi-channel real seismic data with the result will be shown in the conference presentation.
